Cell-shape change in epithelial structures is fundamental to animal morphogenesis. Recent studies identified myosin-II as the major generator of driving forces for cell-shape changes during morphogenesis. Lulu (Epb41l5) is a major regulator of morphogenesis, although the downstream molecular and cellular mechanisms remain obscure in mammals. In Drosophila and zebrafish, Lulu proteins were reported to negatively regulate Crumbs, an apical domain regulator, thus regulating morphogenesis. In this study, we show that mammalian Lulu activates myosin-II, thus regulating epithelial cell shape. In our experiments, Lulu expression in epithelial cells resulted in apical constriction and lateral elongation in the cells, accompanied by upregulation of myosin-II. The inhibition of myosin-II activity almost completely blocked this Lulu-driven cell-shape change. We further found that Rock participates in the myosin-II activation. Additionally, RNAi-mediated depletion of Lulu in epithelial cells resulted in disorganization of myosin-II and a concomitant loss of proper lateral domain organization in the cells. From these results, we propose that Lulu regulates epithelial cell shape by controlling myosin-II activity.
Introduction
The plasma membrane in polarized epithelial cells is divided into apical and basolateral domains, which differ in their protein and lipid compositions. The ratio of the sizes of these two distinct membrane domains changes according to the cell type and developmental stage. Apical constriction and lateral elongation in epithelial cells are thought to trigger invagination and the folding of epithelial cell sheets by changing individual cells from a cuboidal to bottle-like morphology (Lecuit and Lenne, 2007; Pilot and Lecuit, 2005) . Apical constriction is mainly driven by the myosin-II-Factin network positioned in the apical portion of the cells (Lecuit and Lenne, 2007; Lee and Harland, 2007; Martin et al., 2009) . Myosin-II is activated by the phosphorylation of myosin regulatory light chains (MRLCs) mediated by several kinases, including Rhoassociated kinase (Rock) (Matsumura and Hartshorne, 2008) . Actually, Rock is thought to participate in apical constriction (Dawes-Hoang et al., 2005; Escudero et al., 2007; Hildebrand, 2005) . Several regulators of apical constriction that activate the Rock-myosin-II axis have been well characterized in Drosophila. For example, the secreted molecule FOG (folded gastrulation) triggers apical constriction during mesoderm invagination by activating the Rock-myosin-II axis via the RhoGEF2-Rho-Rock pathway positioned in the apical portion (Barrett et al., 1997; Costa et al., 1994; Dawes-Hoang et al., 2005; Hacker and Perrimon, 1998; Kolsch et al., 2007) . However, in vertebrates, Shroom3 is the sole identified candidate for regulating apical constriction upstream of the Rock-myosin-II axis (Haigo et al., 2003; Hildebrand, 2005; Hildebrand and Soriano, 1999; Nishimura and Takeichi, 2008) . Thus, in vertebrates, the molecular mechanisms regulating cellshape change during morphogenesis are not yet fully understood.
Recently, a FERM protein, Lulu (also known as Epb41l5, erythrocyte protein band 4.1-like 5), was reported to regulate mammalian morphogenesis: Lulu mutant mice exhibited embryonic lethality with defects in gastrulation and folding of the neural plate (Garcia-Garcia et al., 2005; Hirano et al., 2008; Lee, J. D. et al., 2007) . In terms of mechanistic aspects, it was proposed that Lulu downregulates the E-cadherin level, and upregulates the integrin level, thus accelerating epithelial-mesenchymal transition. Lulu was shown to interact with p120 catenin and paxillin at cell-cell junctions and focal contacts, respectively (Hirano et al., 2008) . In addition, Lulu (Epb41l5) has one homologous molecule in mammals, Ehm2 (Epb41l4b), although its function has not been fully elucidated (Chauhan et al., 2003; Shimizu et al., 2000) . In this study, the homologs have been renamed Lulu1 and Lulu2, respectively. In zebrafish, Moe, the sole Lulu molecule in the species, is required for layering of the retina and inflation of the brain ventricles, as well as restricting the photoreceptor apical domain (Hsu et al., 2006; Jensen and Westerfield, 2004) . It was shown that Moe interacts with and negatively regulates Crumbs, a regulator of the apical membrane domain, thus regulating the apical membrane size in epithelial structures (Hsu et al., 2006) . Lulu also plays important roles in invertebrates: in Drosophila, mutant animals of Yurt, which is thought from sequence similarity to be an ortholog of Lulu, display failures in early epithelial morphogenesis, including head involution and germ-band elongation (Hoover and Bryant, 2002) . At the cellular level, loss of Yurt causes an extension of the apical membrane of the cells, which is also proposed to be due to the misregulation of Crumbs (Laprise et al., 2006) ; however, our knowledge of the cellular and molecular functions of Lulu molecules, especially in mammals, is still limited.
In this study, we explored the molecular and cellular functions of mammalian Lulu1 and Lulu2 in polarized epithelial cells and found that they commonly have strong activities in terms of facilitating cell-shape change: their expression resulted in apical constriction and lateral elongation of polarized epithelial cells. The cell-shape change induced by Lulu proteins is caused by the upregulation of myosin-II activity at the cell cortex, which is partially mediated by Rock. This upregulation is independent of Shroom3. Furthermore, we found that loss of Lulu proteins by RNAi in epithelial cells resulted in disorganization of myosin-II-F-actin networks, as well as the concomitant loss of proper lateral structures in the cells. We thus propose here that Lulu proteins commonly regulate epithelial cell shape by controlling myosin-II activity.
Results
Lulu proteins are mainly localized at the basolateral portion in polarized epithelial structures Both Lulu1 and Lulu2 have two alternatively spliced transcripts that share FERM and FERM-adjacent (FA) domains in their Nterminal portions (Fig. 1A) (Baines, 2006; Lee, J. D. et al., 2007; Shimizu et al., 2000) . The C-terminal portions of the isoforms do not have obvious homology among them. As the long form of Lulu1 (Lulu1-L) was the best characterized among them, we generated an antibody against Lulu1-L and mapped its protein distribution in mouse embryos (for the specificity of the antibody, see supplementary material Fig. S1 ). Analyses using this antibody revealed that Lulu1-L was widely distributed in several epithelial structures, including the kidney epithelium and neuroepithelium (Fig. 1B,C) . In these epithelial structures, Lulu1-L was mainly detected at the basolateral membranes, overlapping ␤-catenin, a basolateral membrane marker (Fig. 1C) . Consistent with this observation, all isoforms of Lulu1 and Lulu2 were mainly detected in the basolateral portion of the cells when exogenously expressed in MDCK cells, although Lulu2 molecules exhibit cytoplasmic localization as well as basolateral membrane localization, and Lulu1 was more efficiently localized in lateral membranes than Lulu2 (Fig.  1D ,E, and our unpublished data; see also other later figures showing Lulu localization). These results indicate that Lulu proteins are mainly basolateral molecules.
Lulu proteins induce apical constriction in epithelial cells
To explore the function of Lulu proteins in epithelial cells, we utilized MDCK cells, which have been widely used as a model system of polarized epithelial cells. First, we expressed Lulu proteins via a transient transfection method to obtain a small number of cells expressing Lulu1-L. In such cultures, Lulu-expressing cells exhibit apical constriction ( Fig. 2A,B ). There is a difference in the magnitude of this activity: Lulu2 molecules have more potent activity than Lulu1 molecules (n>100, P<0.005). A reduction of apical areas by Lulu expression was also observed by using other epithelial cells, including DLD1, NRK52E and Caco-2 cells, and
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Because the apical membrane size became reduced in Luluexpressing cells, we next asked whether molecules regulating apical domain organization became mislocalized in Lulu-expressing cells. There are two major molecular complexes regulating apical domain organization: the Crumbs and Par complexes, both of which are localized along apical cell-cell boundaries and at apical membranes (Wang and Margolis, 2007) . By immunostaining Crb3 or Par3 (components of the Crumbs and Par complexes, respectively) we found that they were not downregulated, but upregulated, in the apical portion of Lulu2-S-expressing cells (supplementary material Fig. S2D ). These results suggest that apical determinants are not negatively regulated by Lulu expression, although the apical membrane size became reduced by Lulu expression.
It was reported that Shroom3, another well-known regulator of apical constriction, upregulates apical tension and thereby strains apical cell-cell boundaries marked by ZO-1 (Zonula occludens protein 1) staining in MDCK cells (Hildebrand, 2009) . To test whether Lulu proteins also enhance apical tension, we examined ZO-1 staining in Lulu-expressing cells without mixing with parental cells, and found that Lulu-expressing cells also exhibited more strained cell-cell boundaries than parental cells (supplementary material Fig. S2E ). This result indicates that Lulu proteins also upregulate apical tension, and suggests that molecules with apical constricting activity commonly possess activity to enhance apical tension.
Both FERM and FA domains are necessary and sufficient to drive apical constriction
To identify the region responsible for apical constriction, we examined several deletion mutants of Lulu for their ability to drive apical constriction (Fig. 3A) . We mainly examined Lulu2-S molecule for this activity, as it exhibits the most potent activity among Lulu subtypes. Lulu molecules commonly have a FERM and FA domain: the former is found in several other molecules and is well known to interact with lipids or proteins, whereas the latter exists in a restricted number of FERM-containing molecules and is thought to regulate the FERM domain, although its precise function is not fully understood (Baines, 2006; Bretscher et al., 2002) . In addition, they commonly have a PDZ (post synaptic density protein, Drosophila disc large tumor suppressor and zonula occludens-1 protein)-domain binding motif in their C-terminal portions. Other than FERM and FA domains, there is no obvious homology between Lulu1 and Lulu2. We first tested the possible involvement of the PDZ-binding motif by examining a C-terminaldeleted mutant (amino acids 1-470), and found that the motif is not necessary for activity. Deletion of the portion of the N-terminus to the FERM domain (amino acids 1-84) also did not reduce activity. We further found that the mutant molecule consisting of only the FERM and FA domain (amino acids 85-421) exhibited potent activity to drive apical constriction. Interestingly, either the FERM or FA domain alone did not have the ability to drive apical constriction. We obtained essentially the same results for Lulu1-L (our unpublished data). As the FERM and FA domains are highly conserved not only among Lulu subtypes but also across species (Fig. 3B ), the activity of Lulu molecules on cell shape might be evolutionarily conserved.
Lulu induced lateral elongation in epithelial cells
Lateral elongation is often accompanied by apical constriction during morphogenesis Shook and Keller, 2003) ; therefore, to test whether the expression of Lulu proteins resulted in lateral elongation, we measured the cell heights of Luluexpressing cells in mixed cell cultures. By labeling lateral membranes with an anti-␤-catenin antibody, cell heights were found to be markedly increased in Lulu-expressing cells, indicating that Lulu proteins induce not only apical constriction, but also lateral elongation ( Fig. 4A ,B; our unpublished data). In addition, Lulu2-S-expressing cells exhibited longer cell protrusions than Lulu1 in the basal portion of cells (Fig. 2D , arrowheads), suggesting that Lulu2 again exhibits stronger activity with regards to lateral elongation than does Lulu1. It should be noted that ␤-catenin was localized continuously along the lateral membrane in Luluexpressing cells, suggesting that the classic cadherin-based cell-cell junction was not disrupted by Lulu expression ( Fig. 4A , arrows; 4B).
As cell-shape changes during morphogenesis often accompany changes in microtubule organization (Lee and Harland, 2007; Nakaya et al., 2008; Shook and Keller, 2003) , we examined the distribution of microtubules in Lulu-expressing cells. In epithelial cells, including MDCK cells, microtubules are organized into lateral bundles, and apical and basal web-like networks (Bacallao et al., 1989; . The amounts of lateral bundles and of basal webs of microtubules, both of which were clearly observed in non-expressing neighboring cells (Fig. 4C , arrowheads), were significantly reduced in Lulu-expressing cells. In Lulu-expressing cells, apical microtubule webs seemed to remain intact, whereas the number of basolateral microtubules was reduced (Fig. 4C, arrows) . These results clearly indicate that Lulu proteins commonly act to drive cell-shape change, i.e. a cuboidal to bottleshaped morphological change (Fig. 4D ), which is observed in ingressing cells during gastrulation.
Lulu proteins induce epithelial cell-shape change in a myosin-II-dependent manner
During morphogenetic processes, myosin-II is thought to be the major driving force in generating apical constriction in epithelial cells (Lecuit and Lenne, 2007; Lee and Harland, 2007; Martin et al., 2009 ). We therefore examined whether the Lulu-induced cellshape change is associated with changes in the organization of the myosin-II network. Staining for myosin-IIA or -IIB revealed that both significantly accumulated along apical cell-cell boundaries in Lulu-expressing cells, whereas in non-expressing neighboring cells, they were mainly localized along stress fibers and scarcely found at cell-cell borders (Fig. 5A ,B, supplementary material Fig. S3A,B ). In addition, besides cell-cell boundaries, the intensity of myosin-II staining was often widely upregulated in Lulu-expressing cells compared with non-expressing cells ( in Lulu-expressing cells might be due to local recruitment, not due to total upregulation of their protein levels. F-actin is also concentrated along the cell-cell boundaries of expressing cells, indicating that the myosin-II-F-actin network is upregulated in the apical portion of Lulu-expressing cells (Fig. 5C , supplementary material Fig. S3D) .
Next, to address the role of myosin-II in Lulu-induced cell-shape change, we examined the effects of blebbistatin, a myosin-II-specific inhibitor, on Lulu-induced cell-shape change. When mixed-cell cultures were treated with blebbistatin, apical constriction became significantly impaired and apical areas of Lulu-expressing cells became almost identical to those of their non-expressing neighbors (Fig. 6A,B) . Interestingly, the apical areas of non-expressing cells following blebbistatin treatment became smaller than before treatment, suggesting that the myosin-II-driven apical constriction of Lulu-expressing cells might pull the apical areas of nonexpressing neighbors (Fig. 6A) . The lateral elongation of Luluexpressing cells also returned to normal, as determined by measuring their cell heights (Fig. 6C) . Additionally, the microtubule organization of Lulu-expressing cells also returned to normal as a result of blebbistatin treatment (Fig. 6D) . By contrast, treatment with paclitaxel or nocodazole (microtubule stabilizing and destabilizing agents, respectively) did not alter the extent of apical constriction induced by Lulu proteins, suggesting that changes to microtubule organization might not be the cause of cell-shape change (our unpublished data). These results clearly indicate that myosin-II activity might serve as the major driving force of Luluinduced cell-shape change in epithelial cells.
Rock participates in the upregulation of myosin-II by Lulu proteins
Myosin-II activity is upregulated mainly by the phosphorylation of MRLC singly at Thr18 or doubly at Thr18 and Ser19, which is mediated directly or indirectly by several kinases, including Rock, myosin light chain kinase (MLCK), MRCK and Citron kinase (Matsumura and Hartshorne, 2008) . To test the involvement of MRLC phosphorylation in Lulu-induced apical constriction, we examined the localization of phosphorylated forms of MRLCs in Lulu-expressing cells of mixed-cell cultures. In Lulu-expressing cells, both mono-phosphorylated MRLC (1P-MRLC) and diphosphorylated MRLC (2P-MRLC) strongly accumulated along apical cell-cell boundaries, compared with non-expressing neighbors (Fig. 7, supplementary material Fig. S4A ). Fold increases of fluorescent intensities of 1P-MRLC, 2P-MRLC and ZO-1 along (supplementary material Fig. S3C ). To explore the molecular mechanisms leading to the phosphorylation of MRLC, we examined the effects of the inhibitors on two upstream kinases, Rock and MLCK. When mixed-cell cultures were treated with Y-27632, a Rock inhibitor, the signal intensities of 1P-and 2P-MRLC staining in Lulu-expressing cells were markedly reduced at apical cell-cell boundaries (Fig. 7, supplementary material Fig. S4A ), although the treatment did not completely eliminate the signals. By simultaneous treatment with Y-27632 and ML-7, an MLCK inhibitor, the signals of 1P-and 2P-MRLC staining in Lulu-expressing cells were further eliminated (Fig. 7, supplementary material Fig. S4A ). By contrast, treatment with ML-7 alone did not markedly reduce the intensity of 1P-MRLC staining (Fig. 7) . In contrast to 1P-MRLC, ML-7-treatment has some reducing effects on 2P-MRLC (supplementary material Fig. S4A ). These results indicate that Rock is the major kinase responsible for MRLC phosphorylation downstream of Lulu proteins, and that MLCK also has some minor roles in MRLC phosphorylation.
Rock and MLCK are partially involved in Lulu-driven cell-shape change
Next, we examined the effects of the inhibitors on the Luluinduced cell-shape change. The apical constriction induced by Lulu proteins was partially but markedly inhibited by treatment with Y-27632, and more efficiently by simultaneous treatment with Y-27632 and ML-7, whereas ML-7 treatment alone prompted little or no effect on the changes (Fig. 8A,B) . The lateral elongation was also partially inhibited by simultaneous treatments with Y-27632 and ML-7 (Fig. 8C) . These results strongly suggest that Rock and MLCK participate in the cell-shape change induced by Lulu proteins, although MLCK seems to play only a minor role. The inhibitory effects of Y-27632 and ML-7 treatments were not as potent as those of blebbistatin treatment (compare Figs 6 and 8). This might be because of some additional mechanisms that activate myosin-II downstream of Lulu, or because the dephosphorylation of MRLC could not halt myosin-II activity during our experimental period.
Lulu proteins regulate the Rock-myosin-II axis in the basolateral portion of the cells
As treatment with blebbistatin inhibited not only apical constriction but also lateral elongation in Lulu-expressing cells, we examined the possible involvement of myosin-II in Lulu-driven lateral elongation. As expected, myosin-II was strongly accumulated in the basal portion of Lulu-expressing cells, often overlapping Lulu proteins (Fig. 9A ). 1P-MRLC was also concentrated in the basal portion of Lulu-expressing cells, suggesting that myosin-II is activated there. Treatment with Y-27632 markedly reduced the staining intensity of 1P-MRLC, indicating that the phosphorylation of MRLC is a Rock-dependent event (Fig. 9B,C) . These results clearly show that the Rock-myosin-II axis is activated not only in the apical portion but also in the basolateral portion of Luluexpressing cells.
Shroom3 is not involved in Lulu-driven apical constriction
Shroom3 drives apical constriction via the Rock-myosin-II axis, as do Lulu proteins (Hildebrand and Soriano, 1999; Hildebrand, 2005; Nishimura and Takeichi, 2008) . We thus examined whether Shroom3 is involved in apical constriction driven by Lulu proteins. Shroom3 was localized along the apical cell-cell boundaries marked by ZO-1 in MDCK Tet-Off cells, although the expression levels of Shroom3 protein seemed to be low (Fig. 10A) . Shroom3 was efficiently knocked-down by siRNA treatment, and its staining signal along cell-cell boundaries was almost completely lost in knocked-down cells (Fig. 10B,C) . Shroom3 RNAi, however, did not inhibit the apical constriction of Lulu-expressing cells (Fig.  10D,E) . Furthermore, neither 1P-nor 2P-MRLC accumulation along cell-cell boundaries in Lulu-expressing cells was significantly affected by Shroom3 siRNA treatment ( Fig. 10F,G ; supplementary material Fig. S6 ). We obtained essentially the same results by examining two different siRNA sequences, confirming the specific effects of Shroom3 knockdown. These results strongly suggest that Lulu proteins induce apical constriction independently of Shroom3.
Lulu1-L is essential for proper organization of myosin-II-F-actin networks in epithelial cells
Among several epithelial cells, we found that NRK52E cells (rat renal epithelial cells) highly expressed Lulu1-L (Fig. 11A,B) . In NRK52E cells, Lulu1-L was mainly detected along cell-cell boundaries (Fig. 11A) . To examine the function of Lulu1-L in NRK52E cells, we conducted RNAi experiments. Lulu1-L was efficiently knocked down by our siRNA treatments, and staining signals for Lulu1-L along cell-cell boundaries were almost completely lost in knocked-down cells (Fig. 11C,D) . In control cells, myosin-IIA and -IIB displayed multiple bundles of fibrous structures along cell-cell boundaries (Fig. 11E,F) . By contrast, in Lulu1-Ldepleted cells, such fibrous structures were completely lost ( Fig.  11E,F; supplementary material Fig. S5 ). Similar to myosin-II, Factin was also detected as multiple bundles along cell-cell boundaries in control cells. By contrast, such F-actin structures completely disappeared in Lulu1-L-depleted cells; instead, aberrant aggregates of F-actin were often observed in the centers of cells ( Fig. 11G; supplementary material Fig. S5 ). Furthermore, ␤-catenin, a lateral marker, became discontinuously localized at cell-cell boundaries in Lulu1-L-depleted cells (Fig. 11H, supplementary  material Fig. S5 ). In addition, ZO-1, a tight junctional marker, also became discontinuously localized at cell-cell boundaries in Lulu1-L-depleted cells (Fig. 11I, supplementary material Fig. S5 ). We obtained essentially the same results by examining three different siRNA sequences, confirming the specific effects of Lulu1-L knockdown (see supplementary material Fig. S5 ). These results strongly suggest that Lulu1-L maintains the integrity of lateral domain organization in NRK52E cells by regulating myosin-II-Factin organization beneath lateral plasma membranes. 
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Discussion
We show here that Lulu1 and Lulu2 commonly exhibit activities that change epithelial cells from cuboidal to bottle-like morphology. This cell-shape change is crucial to the involution, invagination and bending of epithelial cell sheets during animal morphogenesis. We further present evidence that Lulu-driven cell-shape change is caused by the upregulation of myosin-II at the cell cortex, and that the phosphorylation of myosin regulatory light chain is mainly mediated by Rock. Additionally, Lulu1 RNAi in epithelial cells resulted in mislocalization of myosin-II with the concomitant loss of proper lateral organization, supporting the notion that Lulu proteins primarily regulate myosin-II. Lulu proteins activate myosin-II independently of Shroom3, another well-known regulator of apical constriction during morphogenesis. We further found that both FERM and FA domains of Lulu proteins are necessary and sufficient for Lulu-driven apical constriction. As both domains are highly conserved not only among Lulu subtypes but also across species, the activity of Lulu on myosin-II might be conserved across species.
Lulu1 mutant mice were reported to exhibit defects in shaping ingressing cells during gastrulation: Although ingressing cells normally exhibited a bottle-shaped morphology, the cells in mutant mice displayed a rounded morphology (Lee, J. D. et al., 2007) . In another previous report, it was proposed that Lulu1 regulates the state of classic cadherins and integrins, and that their misregulation might be responsible for defects in gastrulation in mutants (Hirano et al., 2008) . We here present a different explanation for the mutant phenotype: Lulu1 might primarily maintain the proper organization and activation of myosin-II in ingressing cells, and it is the misregulation of myosin-II that is responsible for the mutant phenotype.
In a previous report, it was shown that Lulu1 negatively regulates the E-cadherin level via competitively binding to p120 catenin (Hirano et al., 2008) . If Lulu generally plays such a role, the expression of Lulu in epithelial cells should lead to the disruption or weakening of the cell-cell junction, and loss of Lulu expression in the cells might strengthen the cell-cell junction. However, our data include contradictory results: on the one hand, Lulu1-expression in MDCK cells did not disrupt the cell-cell junction; and on the other hand Lulu1-RNAi in NRK52E cells did not enhance the cellcell junction, but disrupted it. Furthermore, we could not detect significant alternation in protein levels of E-cadherin or ␣-catenin, ␤-catenin and p120 by Lulu expression (see supplementary material Fig. S7 ). From these results, we conclude that Lulu1 might not generally function to downregulate E-cadherin. In the previous report, Lulu1 was shown to localize at focal contacts by interacting with paxillin, thus enhancing the turnover of focal contacts (Hirano et al., 2008) ; however, in our experimental conditions, we could not detect either endogenous or exogenous Lulu1 at focal contacts. Thus, the localization of Lulu1 at focal contacts might be a celltype-specific event. Our proposal and the previous one concerning cadherin and integrin might not be mutually exclusive; further study is needed to clarify in more detail the mechanisms underlying Lulu regulation of cell-shape change.
Moe and Yurt (zebrafish and Drosophila Lulu proteins, respectively) were reported to interact with and negatively regulate Crumbs, an apical membrane regulator, thus restricting the apical domain during morphogenesis (Hsu et al., 2006; Laprise et al., 2006) . We found here, however, that mammalian Lulu molecules primarily function to upregulate myosin-II activity, which might not be caused by downregulation of Crumbs because, in Lulu2-S expressing cells, the staining signal of apically located Crb3 (a member of vertebrate Crumbs) was not reduced, but significantly enhanced (supplementary material Fig. S2D ). Lulu-mediated negative regulation of Crumbs might therefore take place in specific developmental contexts. The linkage between Lulu and Crumbs is most obvious in photoreceptor cells in both zebrafish and Drosophila (Hsu et al., 2006; Laprise et al., 2006 ) and it will be interesting to explore the function of Lulu proteins in mammalian photoreceptor morphogenesis, where Lulu might regulate Crumbs.
How do Lulu proteins upregulate myosin-II? Rock is well known to regulate the epithelial architecture during morphogenesis, including apical constriction (Dawes-Hoang et al., 2005; Escudero et al., 2007; Hildebrand, 2005) . We here identified Rock as the major kinase in the phosphorylation of MRLC downstream of Lulu proteins. Rock indeed plays a role in cell-shape change induced by Lulu proteins because the Rock inhibitor has a clear but moderate effect on the change. Shroom3, another regulator of myosin-II during vertebrate morphogenesis, seems to function mainly as an activator of Rock because it recruits Rock at the position of the apical junction by directly binding to Rock (Hildebrand, 2005; Nishimura and Takeichi, 2008) . We showed here that Shroom3 is not involved in Lulu-driven apical constriction: the Lulu-myosin-II and Shroom3-myosin-II pathways are different signaling pathways. There might be more complicated molecular mechanisms downstream of Lulu proteins in regulating myosin-II than there are downstream of Shroom3, and they should be elucidated in future research.
During invagination and folding of the epithelial structures, lateral elongation is often, but not always, accompanied by apical constriction Lee and Harland, 2007) . In contrast to apical constriction, the mechanisms of lateral elongation are poorly understood. Shroom family members again are known to drive not only apical constriction but also lateral elongation (Lee et al., 2009; . The latter is thought to be caused by Shroom-driven accumulation of ␥-tubulin, a microtubule nucleating protein, at the apical surface of cells, although the precise mechanism of the accumulation has not been clarified. Lulu expression, however, did not change the distribution of ␥-tubulin (data not shown), suggesting that other mechanisms regulate Luludriven lateral elongation. Our results show that myosin-II activity is required for both Lulu-induced apical constriction and lateral elongation, in good agreement with a recent report that myosin-II is necessary for apico-basal cell elongation to form a columnar cell shape in Drosophila wing disc epithelial cells (Widmann and Dahmann, 2009) ; therefore, there might be an evolutionally conserved mechanism of myosin-II-driven lateral elongation. Very recently, Yurt was also shown to be localized in the basolateral portion of the cells during organogenesis, and play an essential role in apico-basal polarity maintenance (Laprise et al., 2009) . Our results here also show that Lulu knockdown in NRK52E cells resulted in failure of proper formation of tight and adherens junctions, which can also be interpreted as a loss of apico-basal polarity. It, therefore, might be interesting to test whether myosin-II is also activated by Yurt during Drosophila organogenesis.
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Our analysis using mutant forms of Lulu identified the FA domain as a portion of Lulu necessary for driving apical constriction. FA domains are conserved in a restricted number of FERM-domaincontaining molecules, including Lulu proteins, PTN3, Epb41, and Epb41l1-Epb41l3 (Baines, 2006) . As the FA domain is not found in well-characterized FERM-domain-containing molecules such as merlin, moesin and ezrin, its roles have not been well understood. Our results here show, for the first time, the importance of the FA domain in protein activity, thus helping to elucidate the function of the FA domain.
Our knowledge of Lulu2 molecules in physiological contexts is limited. Lulu2 was reported to be upregulated in metastatic cancers, suggesting that it might play a role in cell migration or invasion (Shimizu et al., 2000; Wang et al., 2006) , and the function of Lulu2 during animal morphogenesis has not been examined. Our results indicate that Lulu2 has more potent activity than Lulu1 with regards to cell-shape change. Where and how the strong activity of Lulu2 is utilized during morphogenesis are of particular interest for future study.
Our results show the novel and unexpected activity of Lulu proteins in myosin-II regulation. This activity resides in the conserved FERM and FA domains but it should be noted that the C-terminal portions of Lulu isoforms vary in their amino acid sequences, suggesting that each C-terminal portion might possess specific functions. Supporting this notion, the mammalian Lulu1-S and Lulu1-L, which commonly have FERM and FA domains, exhibited differences in their abilities to rescue zebrafish Moe mutants (Christensen and Jensen, 2008) ; therefore, we cannot rule out the possibility that Lulu1 and Lulu2 have non-overlapping activities. This is another interesting issue to be addressed in our future studies.
Materials and Methods
Cell culture and immunostaining
MDCK Tet-Off cells (Clontech) were cultured in a 1:1 mixture of DME and Ham's F12 medium (Iwaki), supplemented with 10% fetal calf serum. NRK52E cells (a rat renal epithelial cell line provided by Shigenobu Yonemura, RIKEN Center for Developmental Biology, Kobe, Japan) were cultured in DME (Nissui) containing 10% fetal calf serum. These cells were maintained in 5% CO 2 at 37°C. To isolate stable MDCK Tet-Off transfectants, 250 g/ml hygromycin B (Invitrogen) was used. The stable MDCK Tet-Off transfectants were cultured in the presence of 1 g/ml doxycyclin (Dox). To induce Lulu molecules, the cells were washed twice at 12-hour intervals and cultured in Dox-free medium for 2-3 days. The following chemicals were used: blebbistatin (Sigma), Y-27632 (Calbiochem), ML-7 (Sigma) and Dox (Clontech). Cells were transfected using FuGENE reagent (Roche) according to the manufacturer's protocol. Immunostaining was performed as described previously (Tanoue and Takeichi, 2004) ; briefly, cells were fixed with 1% or 3.7% formaldehyde in PBS for 10 minutes at room temperature. For microtubule staining, cells were fixed with 4% PFA in PBS at pH 6.9 and 1 mM EGTA for 15 minutes at 37°C. The fixed cells were then permeabilized with 0.2% Triton X-100 in PBS for 10 minutes and blocked with 3% BSA in PBS for 30 minutes at 37°C. Thereafter, the cells were incubated with appropriate antibodies in 3% BSA in PBS for 1.5 hours at 37°C. Next, the cells were washed three times with PBS and incubated with fluorochromeconjugated secondary antibodies (1:400, Alexa Fluor secondary antibodies; Invitrogen) in 3% BSA in PBS for 1 hour at 37°C. After three washes with PBS and a rinse in Milli-Q water (Millipore), coverslips were mounted with Mowiol (Calbiochem). Alexa-Fluor-488-phalloidin (Invitrogen) was used to visualize F-actin. Images were analyzed with the same software and with Photoshop (Adobe). Apical area and cell height were quantified by counting pixels using ImageJ or LSM510 software, respectively. Apical area was defined as the area surrounded by ZO-1. Cell height was determined by ␤-catenin staining. Fluorescent intensities were measured by counting gradient values using ImageJ software.
Antibodies
Rabbit polyclonal antibody against Lulu1-L was raised against amino acids 669-731 of mouse Lulu1-L. The specificity of the antibody was confirmed by the observation that their immunostaining signals disappeared following RNAi-mediated depletion of Lulu1-L in NRK52E cells, as well as by transfection experiments (Fig. 10C,D ; supplementary material Fig. S1A,B) . Rabbit polyclonal Crb3 antibody was raised against amino acids 94-113 of mouse Crb3. The following antibodies were also used: mouse monoclonal antibodies against ␤-catenin (Transduction), ZO-1 (Invitrogen), 1P-MRLC (Cell Signaling), ␣-tubulin (DM1A; Sigma) and Myc (Santa Cruz Biotechnology); rat monoclonal antibody against GFP (Nacalai), and rabbit polyclonal antibodies against ZO-1 (Invitrogen), myosin-IIA (Sigma), myosin-IIB (Sigma), 2P-MRLC (Cell Signaling), Myc (MBL), Par3 (Upstate) and GFP (MBL). Rabbit antiShroom3 antibody was a gift from Jeffrey Hildebrand, University of Pittsburgh, Pittsburgh, PA. Primary antibodies were visualized with goat fluorochrome-conjugated secondary antibodies. The fluorochromes used were AlexaFluor 488, 555, and 568 (Invitrogen).
Plasmid construction and protein expression
Full-length mouse cDNA of Lulu1-S and Lulu1-L, and of Lulu2-L was obtained by PCR and then cloned into pEGFP-C1 (Clontech) or pTRE2hyg (Clontech), in which a 3ϫmyc tag was attached to their N-terminus. Mouse cDNA of Lulu2-S was provided by Jun Yokota (National Cancer Center Research Institute, Tokyo, Japan). The pGEX-4T3 vector (GE Healthcare) was used to produce GST fused to amino acids 669-731 of Lulu1-L in E. coli.
RNAi
The following Stealth siRNAs (Invitrogen) were used for RNAi experiments: Rat Lulu1-L-1, 5Ј-UUAACUCGAAGAUGAAGACAAUAGG-3Ј; Rat Lulu1-L-2, 5Ј-AUCAAAGGGACACUCUAACUUCCCA-3Ј; Rat Lulu1-L-3, 5Ј-AUAAA UAC -CGGGUUAGCUCCUCACG-3Ј; Shroom3-1, 5Ј-CCCUAGAGCCUCA GCAGC -AAGUUAA-3Ј; Shroom3-2, 5Ј-CAGAAGACCUCAGAAGACA UCAG AA-3Ј. Stealth RNAi negative control (Invitrogen) was used for control RNAi. Transfection of Stealth siRNA was performed using RNAi MAX reagent (Invitrogen).
Immunohistochemistry
Tissue sectioning and immunohistochemical analysis were performed as described previously (Ishiuchi et al., 2009) ; briefly, embryonic mouse organs were fixed in 1% or 4% PFA in PBS for 2-6 hours at 4°C. After serial incubation in 15, 20, and 30% sucrose in PBS at 4°C, the organs were mounted in OCT compound (SAKURA), frozen, and sectioned with a cryostat (Leica). The samples were made permeable in 0.2% TritonX-100 in PBS for 10 minutes at room temperature and blocked with 3% BSA in PBS for 30 minutes at 37°C. The samples were incubated with primary antibodies in 3% BSA in PBS for 1 hour at 37°C, followed by three washes with PBS. After incubation with secondary antibodies in 3% BSA in PBS for 1 hour at 37°C, and washing with PBS, the samples were mounted in Mowiol (Calbiochem).
Western blotting
Embryonic mouse organs or MDCK Tet-Off and NRK52E cells were homogenized or lysed in 20 mM Tris-HCl (pH 7.4) containing 1 mM MgCl 2 , 2 mM EGTA, 150 mM NaCl, 0.5% Nonidet-40, and a protease inhibitor cocktail (Roche). Proteins were fractionated by SDS-PAGE using a 10% or 15% gel. The fractionated proteins were electroblotted onto Immobilon-P polyvinyldifluoride membranes (Millipore) using semi-dry transfer apparatus (Bio-Rad Laboratories). The membrane was blocked with 5% skim milk or 2% ECL Advance blocking agent for 30 minutes at room temperature. Proteins were then probed for 16 hours at 4°C with an appropriate antibody in 20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 3% BSA, or in 20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl, 0.05% Tween 20 and 0.2% ECL Advance blocking agent. The membrane was then washed three times at room temperature (15 minutes each time) in 20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 0.05% Tween 20 (TBS-Tween), and was subsequently incubated for 2 hours at room temperature with a secondary antibody in TBS-Tween containing 5% skim milk or 2% ECL Advance blocking agent. After three washes with TBS-Tween, the proteins were detected using the ECL plus reagent (PerkinElmer) or ECL Advance reagent (GE Healthcare), according to the manufacturer's protocol. Chemiluminescence was detected using an ImageQuant400 (GE Healthcare).
